Abstract--This research addresses the control problem of microgrids and presents a robust distributed secondary control system for voltage regulation of an islanded microgrid with droop-controlled and inverter-based distributed generators (DGs). A consensus-based distributed control approach is proposed to restore the voltage and frequency of the islanded microgrid to the reference values for all DGs within a very short time. The proposed method is flexible to system topology variations which aids the plugand-play operation of microgrid. An autonomous micogrid test system consisting of four DGs is constructed in MATLAB using SimPowerSystem Toolbox to test the proposed design method, and the simulation results show the effectiveness of the proposed control strategy. The performance of the proposed controller is shown through several test case studies.
I. INTRODUCTION
Microgrids can be defined as small-scale power distribution system to ease the integration of distributed generation (DG) units [1] . However, high penetration of renewable resources with their power electronics interfaces has raised challenges to operations and stability of power systems due to their nonlinear and intermittent characteristics as well as it leads to a change of conventional power system structure [2, 3] . Thus appropriate microgrid architectures and corresponding control methods are the key elements for regulating distributed energy resources (DERs) in order to maintain stability and protection of power systems. These prerequisites lead a hierarchical control structure [4] [5] [6] [7] that eases the complicated control design of microgrid and addresses each constraint at a different control hierarchy.
The hierarchical control structure of microgrid consists of primary, secondary, and tertiary control levels. The main goal of primary control is to ensure the accurate power sharing among the DERs whereas the secondary control compensates the voltage and frequency deviations caused by the functioning of the primary control. The tertiary control deals with the power flow between the microgrid and the main grid, and concerns about the optimization of the microgrid based on efficiency and economics.
Coordination of the DERs for the active and reactive power sharing and the control of system voltage and frequency are the major challenges for autonomous microgrids [3, 8] . The idea of conventional frequency and voltage droop control for microgrids has already been familiarized in the previous research work [5, [9] [10] [11] . Though the droop control technique [5, 9] can ensure the stability of a microgrid operation, the voltages and frequencies of the microgrid can still deviate from their nominal values. Therefore, applying a further control level, named as the secondary control can restore the microgrid frequency and voltage magnitudes to the reference level that deviates by the droop control in the primary control level. Numerous researches [8, [12] [13] [14] [15] [16] [17] have mentioned the secondary control of islanded microgrids. Current secondary control methods comprise of centralized [18] [19] [20] and distributed configurations [14, 16, 17, 21] .
A microgrid central controller eliminates the frequency and voltage deviations caused by the local droop controllers in the conventional secondary control system [22] . The distributed secondary control system uses local neighboring rather than global data. The distributed secondary control has the benefits of enhanced system reliability, reduced sensitivity to failure, and removed necessity for a central complex computing and communication element. This offers a robust secondary control structure that works appropriately regardless of time varying, limited, and unreliable communication systems. In this paper, a distributed control strategy based on consensus control protocol is proposed in the secondary control layer for droop based primary controlled autonomous microgrid.
The main contributions of this paper are:  Voltage and frequency regulations are achieved by the proposed control method irrespective of system parameter changes, and the plug-and-play capability is also verified by this controlling method.  Reactive power sharing is also maintained by the proposed control method that is another major limitation of current control techniques.  Active power sharing can also be achieved accurately by the proposed control techniques while restoring the frequencies to their nominal values. Moreover, according to the proposed control method, the dynamic performance is also improved with a faster and improved response.
II. MICROGRID CONTROL STRUCTURE OVERVIEW
In this paper, we study the primary and secondary control as tertiary control is not part of this paper.
A. Primary Control
The primary control level is the lower level control of hierarchical control structure, and it involves with the fastest dynamics of the network [9, 11, 23] . Generally, it has a decentralized architecture and information is locally measured at each distributed generation.
Droop control is extensively used in the primary control level of inverter-based microgrids [9, 22] . Droop technique offers a relation between the active power and the frequency and a relation between the reactive power and the voltage magnitude. For proper control of power sharing among the parallel-connected power electronics converters, there is no need of any communication link among them. Although, droop method retains some inherent benefits like no required communication, suitable for isolated system, offering flexibility, it undergoes from many adverse consequences discussed in [9] , [10] , [14] , and [24] , which limit its application. So, to overcome those limitations, several modified and advanced droop techniques are developed [23] . The primary droop control cannot avoid voltage and frequency deviations from reference values even with the modified droop techniques, which is the main problem for the autonomous microgrid.
In autonomous or islanded mode, Voltage Source Inverters (VSIs) are the main controllable interfaces with two main controlling phases [11] : 1) DG power sharing controller (for correcting real (P) and reactive (Q) power mismatches); and, 2) Inverter output controller (output voltage, current control). Practically, a VSI-based DG unit consists of a dc/ac inverter bridge, a prime dc power source, an inductor-capacitor (LC) filter and a resistorinductor (RL) output linking [24] , as depicted in Fig. 1 . The three control loops, namely current loop, voltage loop and power control loop, are found in the primary droop control. As studied in [25] , the dynamics of the voltage and current control loops are much faster than those of the power control loop. Hence, neglecting these fast-dynamics blocks, we consider the primary controller for modelling.
In this paper, a basic microgrid comprising of 4 DG units is considered. Each DG unit is linked to the respective load and interconnected with neighboring DG units through transmission lines. Coordination of the primary controllers can be achieved by considering the droop control for the real and reactive power. 
B. Secondary Control
It has been mentioned that the objective of secondary control is to remove the steady-state deviations both in the global frequency and the local voltage arising from the proportion droop. To address the frequency and voltage restoration in islanded MGs, significant researches have already been carried out. Conventionally, secondary control is employed in the centralized control scheme, represented as microgrid central control (MGCC), which needs a complex communication network and may suffer from a single point-of-failure and massive amounts of data supervision [26] compared to the distributed control.
Distributed control scheme observes interaction among the units, assigning control responsibility to various units depending on action in several time frame [27] . Some recent studies based on distributed control scheme are briefly introduced here. A multi-agent system (MAS)-based distributed cooperative technique has recently attracted the concern owing to its reliable structure using a sparse communication network where each DG unit only shares information with its immediate neighbors, and specific attribute of agents such as independence, proactivity, and flexibility. MAS-based techniques can be combination of MAS with cooperative control [14, [28] [29] [30] or distributed cooperative control [15] . Distributed model predictive control is proposed in [17, 31] where reactive power sharing is still the open research questions. In [13] , feedback linearization method is proposed for distributed secondary control design. In [32] , averaging PI control is proposed which ignores the synchronization requirement for voltage and frequency restoration of DG units. Finite time control is introduced in [21, 33] where voltage restoration is still model-dependent with a severe oscillation in active power response when an additional load is connected to or disconnected from the MG.
Consensus control theories have recently attracted much more concentration due to their distributed nature [16, [34] [35] [36] . In particular, the consensus-based P-f droop control was first suggested in [37] while the consensusbased secondary control was proposed and established in [13] . In both methods, reactive power sharing and convergence rate problem remains for further research. To overcome the above mentioned limitations, a distributed control strategy based on consensus control theory is proposed in the secondary control layer.
III. CONSENSUS BASED DISTRIBUTED SECONDARY CONTROL

A. Consensus Control Basics
Consensus problem is one of the most basic and challenging problems in cooperative control. It is assumed that there are multiple agents on a network. This network is generally modeled by a graph connection of nodes (representing the agents) and edges (representing the interactions between agents). If all the agents on a network converge to a common state, the multi-agent system resolves a consensus problem or has a consensus property, and the common state is entitled group decision value or consensus state.
B. Graph Theory
An undirected graph (diagraph) G= (N G ,E G ) with a set of N nodes, N G = 1,2,3,…..,N , a set of edges E G ⊂N G ×N G and an adjacency matrix A G = a ij ≥0 ∈R To test the effectiveness of the proposed secondary controller methodology, an autonomous MG shown in Fig.  2 . is constructed. The model consists of four DG units with the individual loads and transmission lines and is simulated in MATLAB using SimPowerSystems toolbox. The parameters for the MG model and control system are listed in Table 1 . We assume that DG units communicate with neighbors through the directed graph (Fig. 2) . For both the frequency and voltage restoration problems, we consider the voltage and frequency references to be the DG2 unit outputs. The whole simulation can be divided into 3 cases (Case 1, Case 2 and Case 3) in order to compare the effectiveness of the proposed secondary controller. The three cases are: Case 1: Only primary control is activated. Case 2: In this case, conventional secondary control is applied with the primary control. Case 3: In this case, the proposed secondary control is activated from the beginning in combination with primary control. For all the cases, five scenarios are analyzed in the simulation according to the power flow and the loading condition at each distributed generations as follows: 1) At t=2s, Load #3 is connected.
2) At t=4s, Load #2 is increased by including an additional load,Load#5.
3) At t=6s, Load #5 is disconnected from DG2. 4) At t=8s, DG# 4 is disconnected. 5) At t=10s, DG#4 is again connected.
The simulation results for Case 1, Case 2 and Case 3 are shown in Fig. 3 , Fig. 4 and Fig. 5 , respectively. Fig. 5 . The steady state frequencies of the four DGs remain at reference value ( ≈ 50Hz) no matter any load is connected to DG2 and DG4 or any load is disconnected from DG2. Moreover, in Case 3, the performance of plugand-play (scenarios 4&5) capability shows the better results compared with the performance in Case 2 and Case 1.This result shows that the designed distributed secondary controller can eliminate the voltage and frequency deviation caused by the primary control.
The real power outputs of the four DGs are also tested (Fig. 4 and Fig. 5 ). Before the secondary control is activated (for Case 1), the real power sharing is well achieved by the primary control, i.e., P1 : P2 : P3 : P4 = 1 n f1 ⁄ : 1 n f2 ⁄ : 1 n f3 ⁄ : 1 n f4 = ⁄ 2 : 2 : 1 : 1. When the secondary control is started (for Case 2), real powers are still well shared according to the designed droop grains regardless of load increasing or decreasing. Reactive power sharing is also good enough for the proposed distributed secondary controller while it is difficult for primary droop control techniques (Fig. 3 and Fig. 4) .
As mentioned in the introduction, there are limited approaches to solve voltage and frequency restoration problems in a distributed way. However, we just made the comparison between the conventional method in both primary and secondary level (Case 1 and Case 2) and our proposed method. Another thing is that, the settling time for our proposed method is 0.5s compared to some similar studies where the settling times are 1.5s -2.5s [15] . Thus, it is clear from the simulation results that our proposed method also ensures the fast convergence.
V. CONCLUSION AND FUTURE WORK
This result shows that the designed distributed secondary controller can remove the voltage and frequency deviation caused by the primary control. The simulation results show that the proposed controller can also keep a good real power and reactive power sharing accuracy under the load disturbances and plug-and-play operation. Experimental analysis for the proposed model will be done in our extended work. A satisfactory local stability condition with the detailed stability analysis for proposed microgrid model will also be given in our future work.
